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1
METHOD FOR PRODUCING SHAPED
ARTICLE OF ALUMINUM ALLOY, SHAPED
ALUMINUM ALLOY ARTICLE AND
PRODUCTION SYSTEM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of application Ser. No.
10/583,050, filed Feb. 5, 2007, which is a 371 application of
PCT/IP04/19460 filed Dec. 17, 2004, which claims benefit of
priority from prior Japanese Patent Application No. 2004-
067154 filed Mar. 10, 2004 and Japanese Patent Application
No. 2003-421424 filed Dec. 18, 2003 and from U.S. Provi-
sional Application No. 60/534,191 filed Jan. 2, 2004 under
the provision of 35 U.S.C. §111(b), pursuant to 35 U.S.C.
§119(e)(1). The entire disclosures of the prior applications
are incorporated by reference herein.

TECHNICAL FIELD

The present invention relates to a method for producing an
aluminum-alloy shaped product, which method includes a
step of forging a continuously cast aluminum alloy rod serv-
ing as a forging material, to an aluminum-alloy shaped prod-
uct and to a production system for the shaped product.

BACKGROUND ART

In recent years, in vehicles such as four-wheel-drive auto-
mobiles and two-wheel-drive automobiles (hereinafter such a
vehicle will be referred to simply as an “automobile”),
attempts have been made to employ an aluminum-alloy
forged product in an internal combustion engine piston in
order to attain high performance or to cope with environmen-
tal regulations. This is because, when such an aluminum-
alloy forged product is employed, the weight of driving parts
(e.g., a piston) for an internal combustion engine can be
reduced, leading to reduction of a load upon operation of the
internal combustion engine, enhancement of output, or reduc-
tion of fuel consumption. Conventionally, most internal com-
bustion engine pistons have been produced from an alumi-
num-alloy cast product. However, in the case of such a cast
product, difficulty is encountered in reducing internal defects
generated during the course of casting, and excess material
must be provided on the cast product so as to ensure safety
design in terms of strength. Therefore, when such a cast
product is employed in an internal combustion engine piston,
reducing the weight of the piston is difficult. In view of the
foregoing, attempts have been made to reduce the weight of
such a piston by producing the piston from an aluminum-
alloy forged product, in which generation of internal defects
can be suppressed.

A conventional method for producing an aluminum-alloy
forging material includes a step of preparing molten alumi-
num alloy by means of a typical smelting technique, a step of
subjecting the molten aluminum alloy to any continuous cast-
ing technique, such as continuous casting, semi-continuous
casting (DC casting) or hot top casting, to thereby produce an
aluminum-alloy cast ingot and a step of subjecting the cast
ingot to homogenization heat treatment to thereby homog-
enize aluminum alloy crystals. The thus produced aluminum-
alloy forging material (cast ingot) is subjected to forging and
then to T6 treatment to thereby produce an aluminum-alloy
forged product.

JP-A 2002-294383 discloses a method for producing a
6000-series-alloy cast product, in which the homogenization
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treatment temperature is lowered or the homogenization
treatment is omitted. However, this prior art does not describe
high-temperature mechanical characteristics of the cast prod-
uct.

In recent years, there has been increasing demand for an
internal combustion engine of high efficiency and high out-
put, and accordingly, parts employed in the engine have been
further required to exhibit high-temperature mechanical
strength.

An aluminum-alloy forged product produced through the
aforementioned conventional method does not require provi-
sion of excess material since generation of internal defects in
the forged product is suppressed. Therefore, when the forged
product is employed in an internal combustion engine piston,
the weight of the piston is reduced, as compared with the case
where an aluminum-alloy cast product is employed. How-
ever, the forged product, in which crystallization products are
formed into spherical aggregates, exhibits tensile strength at
high temperatures of 300° C. or higher inferior to that of the
aluminum-alloy cast product, in which crystallization prod-
uct networks or acicular crystallization products formed dur-
ing the course of casting remain. Therefore, in view of the fact
that an aluminum-alloy forged product enables further reduc-
tion of the weight of an internal combustion engine piston,
demand has arisen for a method for producing an aluminum-
alloy shaped product exhibiting high-temperature mechani-
cal strength superior to that of a conventional aluminum-alloy
forged product.

In view of the foregoing, objects of the present invention
are to provide a method for producing an aluminum-alloy
shaped product that exhibits high-temperature mechanical
strength superior to that of a conventional aluminum-alloy
forged product, to provide an aluminum-alloy shaped product
and to provide a production system for the shaped product.

DISCLOSURE OF THE INVENTION

In order to attain the aforementioned objects, the present
invention provides a method for producing an aluminum-
alloy shaped product, comprising a step of forging a continu-
ously cast rod of aluminum alloy serving as a forging mate-
rial, in which the aluminum alloy contains Si in an amount of
10.5 to 13.5 mass %, Fe in an amount of 0.15 to 0.65 mass %,
Cuin an amount of 2.5 to 5.5 mass % and Mg in an amount of
0.3 to 1.5 mass %, and heat treatment and heating steps
including a step of subjecting the forging material to pre-heat
treatment, a step of heating the forging material during a
course of forging of the forging material and a step of sub-
jecting a shaped product to post-heat treatment, the pre-heat
treatment including treatment of maintaining the forging
material at a temperature of —=10 to 480° C. for two to six
hours.

In the method just mentioned above, the pre-heat treatment
is performed at a temperature of at least 200° C. and 370° C.
or lower.

In the first mentioned method, the pre-heat treatment is
performed at a temperature of at least —10° C. and less than
200° C.

In the first mentioned method, the pre-heat treatment is
performed at a temperature of at least 370° C. and 480° C. or
lower.

In any one of the first to fourth mentioned methods, the
post-heat treatment is performed at 170 to 230° C. for one to
10 hours without performing solid solution treatment.

In any one of the first to fifth mentioned methods, the
aluminum alloy further contains Ni in an amount of 0.8 to 3
mass %.
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In any one of the first to sixth mentioned methods, the
aluminum alloy further contains P in an amount of 0.003 to
0.02 mass %.

In any one of the first to seventh mentioned methods, the
aluminum alloy further contains at least one species selected
from among Sr in an amount of 0.003 to 0.03 mass %, Sb in
an amount of 0.1 to 0.35 mass %, Na in an amount of 0.0005
t0 0.015 mass % and Ca in an amount 0£0.001 to 0.02 mass %.

In any one of the first to eighth mentioned methods,
wherein the aluminum alloy contains the Mg in an amount of
0.5 to 1.3 mass %.

In any one of the first to ninth mentioned methods, the
aluminum alloy further contains at least one species selected
from among Mn in an amount of 0.1 to 1.0 mass %, Cr in an
amount of 0.05 to 0.5 mass %, Zr in an amount 0f 0.04 to 0.3
mass %, V in an amount of 0.01 to 0.15 mass % and Ti in an
amount of 0.01 to 0.2 mass %.

In any one of the first to tenth mentioned methods, during
the forging step, a percent reduction of a portion of the forging
material that requires high-temperature fatigue strength resis-
tance is regulated to 90% or less.

In any one of the first to eleventh mentioned methods, in the
forging step, the heat treatment step is performed at a tem-
perature of 380 to 480° C.

In any one of the first to twelfth mentioned methods, the
continuously cast rod is produced through continuous casting
of' a molten aluminum alloy having an average temperature
which falls within a range of a liquidus temperature+40° C. to
the liquidus temperature+230° C. at a casting speed of 80 to
2,000 mm/minute.

The present invention also provides an aluminum-alloy
shaped product produced through any one of the first to thir-
teenth mentioned methods and having a metallographic struc-
ture in which crystallization product networks, acicular crys-
tallization products or crystallization product aggregates that
have been formed during a course of continuous casting
remain partially even after forging and heat treatment steps.

The present invention further provides an aluminum-alloy
shaped product produced through any one of the first to thir-
teenth mentioned methods and having a eutectic Si area share
ot 8% or more, an average eutectic Si particle diameter of 5
um or less, 25% or more of eutectic Si having an acicular
eutectic Si ratio of 1.4 or more, an intermetallic compound
area share of 1.2% or more, an average intermetallic com-
pound particle diameter of 1.5 pm or more and 30% or more
of intermetallic compounds or intermetallic compound
aggregates having an intermetallic compound length or inter-
metallic compound aggregate length of 3 pm or more.

The present invention also provides a production system
comprising a continuous line for performing a series of steps
for producing an aluminum-alloy shaped product from a mol-
ten aluminum alloy, wherein the series of steps includes at
least the steps of any one of the first to thirteenth mentioned
methods.

In the production method of the present invention, the
pre-heat treatment includes treatment of maintaining a forg-
ing material at =10 to 480° C. for two to six hours. Therefore,
when an aluminum-alloy shaped product is produced through
the production method, crystallization product networks,
acicular crystallization products or crystallization product
aggregates which have been formed during the course of
continuous casting remain at least partially in the structure of
the shaped product even after forging and post-heat treatment.
Therefore, the aluminum-alloy shaped product exhibits
excellent mechanical strength even at a temperature higher
than 250° C. (preferably, a temperature of higher than 250° C.
and 400° C. or lower).
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The production method of the present invention is advan-
tageous in that the method can produce a shaped product
exhibiting, at a temperature higher than 250° C., enhanced
tensile characteristics oB (MPa) and enhanced fatigue
strength ow (MPa). Specifically, for example, after the thus
produced shaped product is maintained at 300° C. for 100
hours, the shaped product exhibits, at 300° C., tensile strength
of 65 MPa or more and fatigue strength of 40 MPa or more.
Such high-temperature characteristics are required for, for
example, a top surface portion of an internal combustion
engine piston, which is exposed to a high-temperature atmo-
sphere. Therefore, when an aluminum-alloy shaped product
produced through the method of the present invention is
employed in a top surface portion of an internal combustion
engine piston, the thickness of the top surface portion can be
reduced (as compared with the case of a conventional internal
combustion engine piston), whereby the weight of the inter-
nal combustion engine piston can be reduced. Such weight
reduction meets the requirements of the market, and enables
reduction in fuel consumption by the internal combustion
engine, as well as enhancement of output of the engine.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a forging production system which is an
example of a production line for carrying out the production
method of the present invention.

FIG. 2 shows an example of a continuous casting apparatus
(in the vicinity of a mold) employed in the present invention.

FIG. 3 shows another example of a continuous casting
apparatus (in the vicinity of a mold) employed in the present
invention.

FIG. 4 shows an example of a continuous casting apparatus
(in the vicinity of a mold) employed in the present invention,
which illustrates an effective mold length.

FIG. 5 is an explanatory view showing an acicular eutectic
Si ratio.

FIG. 6 is an explanatory view showing aggregates of inter-
metallic compounds.

FIG. 7 shows another example of a continuous casting
apparatus employed in the present invention.

FIG. 8 shows micrographs employed for evaluation of
crystallization product networks in the upset products of
Examples.

FIG. 9 shows a micrograph employed for evaluation of
crystallization product networks in the upset products of
Examples.

BEST MODE FOR CARRYING OUT THE
INVENTION

Embodiments of the present invention will next be
described in detail with reference to the annexed drawings.

FIG. 1 shows a forging production system which is an
example of a production line for carrying out the production
method of the present invention. As shown in FIG. 1, the
forging production system includes a continuous casting
apparatus 81 for horizontally continuously casting molten
metal into a rod and for subjecting the continuously cast rod
to cutting so as to attain a predetermined length; a pre-heat
treatment apparatus 82 for performing heat treatment on the
continuously cast rod produced in the continuous casting
apparatus 81; a correction apparatus 83 for correcting bend-
ing of the continuously cast rod, which would occur during
the course of heat treatment by means of the pre-heat treat-
ment apparatus 82; a peeling apparatus 84 for removing a
peripheral portion of the continuously cast rod whose bend-
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ing has been corrected by means of the correction apparatus
83; a cutting apparatus 85 for cutting the continuously cast
rod, the peripheral portion of which has been removed by
means of the peeling apparatus 84, into pieces having a length
required for producing a shaped product through forging; an
upsetting apparatus (not shown) for preliminarily heating and
upsetting the cut pieces obtained by means of the cutting
apparatus 85; lubrication apparatuses 86a and 865 for apply-
ing a graphite lubricant to the thus upset and preliminarily
heated cut pieces (forging material), for immersing the pre-
liminarily heated forging material in a graphite lubricant, or
for coating the material with a graphite lubricant; a prelimi-
nary heating apparatus 87; a forging apparatus 88 for forging
the lubricant-coated forging material, which has been heated
by means of the preliminary heating apparatus 87, into a
product (preform); and post-heat treatment apparatuses 89,
90 and 91 for performing post-heat treatment on the forged
product produced by means of the forging apparatus 88.

For example, the post-heat treatment apparatuses 89, 90
and 91 may be, respectively, a solid solution treatment appa-
ratus 89 for subjecting the forged product to solid solution
treatment, a quenching apparatus 90 for quenching the forged
product which has been heated by means of the apparatus 89,
and an aging treatment apparatus 91 for subjecting to aging
treatment the forged product which has been quenched by
means of the apparatus 90. In the case where solid solution
treatment is omitted, preferably, the aging treatment appara-
tus 91 is provided subsequent to the forging apparatus 88,
without provision ofthe solid solution treatment apparatus 89
and the quenching apparatus 90.

The peeling apparatus 84 and the upsetting apparatus may
be omitted. Conveyance of the forging material between the
respective apparatuses may be carried out by means of an
automatic conveying apparatus. The lubrication apparatuses
864 and 865 for lubricant coating treatment may be replaced
by an apparatus 86¢ for bonde treatment (phosphoric-acid-
salt coating treatment).

The pre-heat treatment apparatus 82 has a function for
maintaining the temperature of the forging material at—10° C.
to 480° C. for two to six hours. The preliminary heating
apparatus 87 has a function for heating the forging material to
380° C. to 480° C. Among the post-heat treatment appara-
tuses 89, 90 and 91, the solid solution treatment apparatus 89
and the quenching apparatus 90 have a function for increasing
the temperature of the forged product (shaped product) to
480° C. to 520° C. for solid solution treatment, and then for
quenching the forged product. Among the post-heat treatment
apparatuses 89, 90 and 91, the aging treatment apparatus 91
has a function for maintaining the temperature of the forged
product (shaped product) at 170° C. to 230° C.

The production method employing the production system
of the present invention, i.e. the shaped product production
method, includes a step of performing pre-heat treatment on
a round rod produced through continuous casting of an alu-
minum alloy; a step of subjecting the thus treated round rod
(i.e. forging material) to hot plastic forming, thereby forming
a preform and a step of subjecting the resultant preform to
post-heat treatment. In the pre-heat treatment, the tempera-
ture of the forging material is regulated to —10° C. to 480° C.
During the course of hot plastic forming, the temperature of
the forging material is regulated to 380° C. to 480° C. In the
post-heat treatment, when solid solution treatment is per-
formed, the temperature of the preform is regulated to 480 to
520° C., whereas when solid solution treatment is not per-
formed and the preform is subjected directly to aging treat-
ment, the temperature of the preform is regulated to 170° C. to
230° C. Thus, a shaped product is produced in the same
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production site by means of the production method including
the casting step and the aforementioned heat treatment steps.
Therefore, a shaped product exhibiting desired mechanical
strength can be reliably produced.

The forged product which has undergone the post-heat
treatment is subjected to machining by use of a lathe or a
machining center to thereby form a product having the shape
of a final product.

The aforementioned plastic forming may be forging. In the
production method of the present invention, so long as the
temperature for pre-heat treatment, the temperature of the
forging material during the course of hot plastic forming and
the temperature for post-heat treatment satisty the above-
described conditions, forging may be performed in combina-
tion with rolling working or extrusion working. This is
because, even when forging is performed in combination with
rolling working or extrusion working, crystallization product
networks can be controlled in the structure of the forged
product, and thus the effects of the present invention can be
obtained.

Examples of the shaped product include parts requiring
high-temperature mechanical strength. Specific examples
include an engine piston, a valve lifter, a valve retainer and a
cylinder liner.

In the production method of the present invention, basi-
cally, solidification of molten alloy may be performed by
means of any known technique, such as hot top continuous
casting, vertical continuous casting, horizontal continuous
casting or DC casting. For example, there may be employed a
horizontal continuous casting method in which one or more
fluids selected from among a gas lubricant, a liquid lubricant
and a gas obtained through thermal decomposition of the
liquid lubricant, are fed to the inner wall of a tubular mold
which has a forced cooling means and which is supported
such that its center axis extends horizontally. A molten alu-
minum alloy containing Si is teemed into the tubular mold
through a first end thereof to thereby form a columnar molten
alloy main body. The main body is solidified in the tubular
mold to thereby form a cast ingot. The cast ingot is removed
from a second end of the tubular mold. Next will be described
the case where the horizontal continuous casting method is
employed in this invention.

FIG. 2 shows an example of a continuous casting apparatus
(in the vicinity of a mold) employed in the present invention.
A tundish 250, a refractory plate-like body 210, and a tubular
mold 201 are provided such that a molten alloy 255 reserved
in the tundish 250 is teemed through the refractory plate-like
body 210 into the tubular mold 201. The tubular mold 201 is
supported such that a center axis 220 extends almost horizon-
tally. In order to solidify the molten alloy into a cast ingot 216,
means for forcedly cooling the mold is provided in the interior
of the tubular mold, and means for forcedly cooling the cast
ingot is provided at the outlet of the tubular mold. As shown
in FIG. 2, a cooling water showering apparatus 205, which is
an example of the means for forcedly cooling the cast ingot,
is provided. In the vicinity of the outlet of the tubular mold, a
driving apparatus (not shown) is provided so as to continu-
ously remove the forcedly cooled cast ingot 216 from the
mold at a predetermined rate. Furthermore, a synchronized
cutting machine (not shown) is provided so as to cut the thus
removed cast rod into pieces of predetermined length.

Another example of a casting apparatus (in the vicinity of
a mold) employed in the present invention will now be
described with reference to FIG. 3. FIG. 3 is a schematic
cross-sectional view showing an example of a DC casting
apparatus. In this DC casting apparatus, molten aluminum
alloy 1 is teemed through a trough 2, a dip tube 3 and a floating
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distributor 4 into a fixated water-cooling mold 5 formed of
aluminum alloy or copper. The water-cooling mold 5 is
cooled by cooling water SA. Molten aluminum alloy 6
teemed into the water-cooling mold forms a solidification
shell 7 at a portion at which the molten alloy comes into
contact with the water-cooling mold 5, and then shrinks. The
resultant aluminum-alloy cast ingot 7A is removed down-
ward from the water-cooling mold 5 by means of a lower
mold 9. Upon this removal, the aluminum-alloy cast ingot 7A
is further cooled by means of a cooling water jet 8 supplied
from the water-cooling mold 5 and is completely solidified.
When the lower mold 9 reaches a position where it can no
longer move downward, the cast ingot 7A is cut at a prede-
termined position and removed from the lower mold.

The continuous casting apparatus of FIG. 2 will be
described again. As shown in FIG. 2, the tubular mold 201 is
supported such that the center axis 220 extends almost hori-
zontally. In addition, the tubular mold 201 includes the means
for forcedly cooling the mold, the means being provided for
cooling the inner wall of the mold by feeding cooling water
202 into a mold’s cooling water cavity 204 to thereby remove
heat from a columnar molten alloy 215 filled in the mold via
the mold inner wall with which the molten alloy is in contact,
thereby forming a solidification shell on the surface of the
molten alloy, and the forced cooling means provided for
discharging cooling water from the showering apparatus 205
s0 as to apply the water directly to the cast ingot at the outlet
of'the mold, thereby solidifying the molten alloy in the mold.
The tubular mold is connected, at the end opposite to the
outlet of the showering apparatus, to the tundish 250 via the
refractory plate-like body 210.

As shown in FIG. 2, cooling water for forcedly cooling the
mold and cooling water for forcedly cooling the cast ingot are
supplied through a cooling water feed tube 203. However,
these two types of cooling water may be supplied separately.

An effective mold length (see reference letter L of FIG. 4)
is defined as the length as measured from the point at which
the center axis of the outlet of the cooling water showering
apparatus intersects the surface of the cast ingot to the contact
surface between the mold and the refractory plate-like body.
The effective mold length is preferably 15 mm to 70 mm.
When the effective mold length is less than 15 mm, a good
coating fails to be formed on the molten alloy, and thus
casting of the molten alloy fails to be performed. In contrast,
when the effective mold length exceeds 70 mm, the effect of
forced cooling is not obtained, and thus the inner wall of the
mold dominates solidification of the molten alloy, whereby
the contact resistance between the mold and the molten alloy
or the solidification shell is increased, leading to unreliable
casting (e.g., cracking occurs on the casting surface, or break-
age of the cast ingot occurs in the mold).

The material of the mold is preferably at least one species
selected from among aluminum, copper and alloys thereof.
The combination of these species may be determined from
the viewpoint of thermal conductivity, heat resistance or
mechanical strength.

The mold preferably includes, on its inner wall which
comes into contact with the molten alloy, a ring-shaped per-
meable porous member 222 exhibiting self-lubricity. The
ring-shaped member is provided over the entirety of the cir-
cumferential inner wall of the tubular mold. The air perme-
ability of the permeable porous member is preferably 0.005 to
0.03 (liter/(cm*/min)), more preferably 0.07 to 0.02 (liter/
(cm*/min)). No particular limitations are imposed on the
thickness of the permeable porous member, but the thickness
is preferably 2 to 10 mm, more preferably 3 to 8 mm. The
permeable porous member may be formed of, for example,
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graphite having air permeability of 0.008 to 0.012 (liter/(cm?/
min)). The “air permeability” used herein is obtained by
measuring the amount of air which permeates a 5 mm-thick
test piece per minute under application of a pressure of 2
(kg/cm?).

In the tubular mold, preferably, the permeable porous
member is provided within a range of 5 to 15 mm of the
effective mold length. Preferably, an O-ring 213 is provided
on the surface at which the refractory plate-like body, tubular
mold and permeable porous member are in contact with one
another.

The radial cross section of the inner wall of the tubular
mold may assume a circular shape, triangular shape, rectan-
gular shape or irregular shape having no symmetry axis nor
symmetry plane. When a hollow castingot is produced, a core
may be provided in the interior of the tubular mold. The
tubular mold has open ends. The molten alloy is teemed
through a first end of the mold (via an inlet provided in the
refractory plate-like body) into the mold, and the solidified
castingot is extruded or extracted through a second end of the
mold.

The inner diameter of the mold is increased toward the cast
ingot removal direction such that the elevation angle between
the mold inner wall and the center axis 220 is preferably O to
3°, more preferably 0 to 1°. When the elevation angle is less
than 0°, during removal of the cast ingot from the mold,
resistance is applied to the cast ingot at the outlet of the mold,
and thus casting fails to be performed. In contrast, when the
elevation angle exceeds 3°, the molten alloy is incompletely
brought into contact with the mold inner wall, and the mold
insufficiently exerts the effect of removing heat from the
molten alloy or the solidification shell, leading to insufficient
solidification of the molten alloy. As a result, there is a high
likelihood that casting problems occur. For example, a re-
melted surface is formed on the cast ingot, or unsolidified
molten alloy flows out from the end of the mold.

The tundish includes a molten alloy receiving inlet 251, a
molten alloy reservoir 252 and an outlet 253 through which
the molten alloy is teemed into the mold. The tundish
receives, through the inlet, a molten aluminum alloy whose
composition is predetermined by means of, for example, a
melting furnace provided outside the casting apparatus. Inthe
tundish, the level 254 of the molten alloy is maintained at a
position above the upper surface of the mold cavity. When
multiple casting is performed, the molten alloy is reliably
teemed from the tundish into a plurality of molds. The molten
alloy reserved in the molten alloy reservoir of the tundish is
teemed into the mold through a molten alloy inlet 211 pro-
vided in the refractory plate-like body.

The refractory plate-like body 210 is provided for separat-
ing the tundish from the mold. The plate-like body may be
formed of a refractory, adiabatic material. Examples of the
material include Lumiboard (product of Nichias Corpora-
tion), Insural (product of Foseco Ltd.) and Fiber Blanket
Board (product of Ibiden Co., Ltd.). The refractory plate-like
body has a shape such that a molten alloy inlet can be formed
therein. One or more molten alloy inlets may be formed in a
portion of the refractory plate-like body that inwardly extends
from the inner wall of the tubular mold.

Reference numeral 208 denotes a fluid feed-tube for feed-
ing a fluid. Examples of the fluid to be fed include lubrication
fluids. The fluid may be one or more species selected from
among a gaseous lubricant and a liquid lubricant. Preferably,
a gaseous lubricant feed-tube and a liquid lubricant feed-tube
are provided separately.

The fluid which is pressurized and fed through the fluid
feed-tube 208 passes through a circular path 224, and is fed to
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aclearance between the tubular mold and the refractory plate-
like body. Preferably, a clearance of 200 pum or less is formed
at a portion at which the mold and the refractory plate-like
body are in contact with each other. The clearance has a size
such that the molten alloy does not enter the clearance and
that the fluid can flow therethrough to the mold inner wall. As
shown in FIG. 2, the circular path 224 is provided on the
periphery of the permeable porous member 222 provided in
the tubular mold. The pressurized fluid permeates throughout
the permeable porous member which comes into contact with
the molten alloy, and is fed to the inner wall 221 of'the tubular
mold. In some cases, the liquid lubricant is decomposed into
a gas through heating, and the gasified lubricant is fed to the
inner wall of the tubular mold.

As a result, there can be improved lubricity between the
permeable porous surface of the tubular mold and the periph-
ery of the metallic mass, i.e., the periphery of the columnar
molten alloy main body or the periphery of the solidification
shell. Since the ring-shaped permeable porous member is
provided on the mold inner wall, an excellent lubrication
effectis obtained, and a continuously cast aluminum alloy rod
can be readily produced.

A corner space 230 is formed by one or more species
selected from among the fed gaseous and liquid lubricants,
and the gas obtained through decomposition of the liquid
lubricant.

The casting step included in the production method of the
present invention will now be described.

As shown in FIG. 2, the molten alloy in the tundish 250 is
teemed through the refractory plate-like body 210 into the
tubular mold 201 which is supported such that its center axis
extends almost horizontally, and the molten alloy is forcedly
cooled and solidified at the outlet of the mold to thereby form
the cast ingot 216. The cast ingot 216 is continuously
removed from the mold at a predetermined rate by use of the
driving apparatus provided in the vicinity of the outlet of the
mold to thereby form a cast rod. The resultant cast rod is cut
into pieces of predetermined length by use of the synchro-
nized cutting machine. Specifically, the continuously cast rod
is produced through continuous casting of the molten alumi-
num alloy having an average temperature which falls within a
range of the liquidus temperature+40° C. to the liquidus tem-
perature+230° C. at a casting speed of 300 to 2,000
mm/minute. The cast rod produced through casting under the
above conditions, in which crystallization products are finely
dispersed, exhibits excellent forgeability and excellent high-
temperature mechanical strength. In the case where hot top
continuous casting, vertical continuous casting or DC casting
is employed, the casting speed is preferably regulated to 80 to
400 mm/minute.

The composition of the molten aluminum alloy 255
reserved in the tundish will now be described.

The molten aluminum alloy 255 contains Si in an amount
01 10.5 to 13.5 mass % (preferably 11.5 to 13.0 mass %), Fe
in an amount of 0.15 to 0.65 mass % (preferably 0.3 to 0.5
mass %), Cuinan amount of2.5 to 5.5 mass % (preferably 3.5
to 4.5 mass %) and Mg in an amount of 0.3 to 1.5 mass %
(preferably 0.5 to 1.3 mass %).

When Si is contained in the molten alloy, by virtue of
distribution of eutectic Si, the high-temperature mechanical
strength and wear resistance of the resultant cast rod are
enhanced. When Si coexists with Mg in the molten alloy,
Mg, Si grains are precipitated, whereby the high-temperature
mechanical strength of the cast rod is enhanced. However,
when the Si content is less than 10.5%, the effects of Si are not
sufficiently obtained, whereas when the Si content exceeds
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12%, large amounts of primary Si crystals are formed, and the
high-temperature fatigue strength, ductility and toughness of
the cast rod are impaired.

When Fe is contained in the molten alloy, Al—Fe or
Al—Fe—Si crystal grains are formed, whereby the high-
temperature mechanical strength of the resultant cast rod is
enhanced. However, when the Fe content is less than 0.15%,
the effects of Fe are not sufficiently obtained, whereas when
the Fe content exceeds 0.65%, the amount of large Al—Fe or
Al—Fe—Si crystallization products is increased, and the
forgeability, high-temperature fatigue strength, ductility and
toughness of the cast rod are impaired.

When Cu is contained in the molten alloy, CuAl, grains are
precipitated, whereby the high-temperature mechanical
strength of the resultant cast rod is enhanced. However, when
the Cu content is less than 2.5%, the effects of Cu are not
sufficiently obtained, whereas when the Cu content exceeds
5.5%, the amount of large Al—Cu crystallization products is
increased, and the forgeability, high-temperature fatigue
strength, ductility and toughness of the cast rod are impaired.

When Mg coexists with Si in the molten alloy, Mg,Si
grains are precipitated, whereby the high-temperature
mechanical strength of the resultant cast rod is enhanced.
However, when the Mg content is less than 0.3%, the effects
of Mg are not sufficiently obtained, whereas when the Mg
content exceeds 1.5%, the amount of large Mg,Si crystalli-
zation products is increased, and the forgeability, high-tem-
perature fatigue strength, ductility and toughness of the cast
rod are impaired.

Preferably, the molten alloy 255 contains one or more
species selected from among Mn (0.1 to 1.0 mass %, more
preferably 0.2 to 0.5 mass %), Cr (0.05 to 0.5 mass %, more
preferably 0.1 to 0.3 mass %), Zr (0.04 to 0.3 mass %, more
preferably 0.1 to 0.2 mass %), V (0.01 to 0.15 mass %, more
preferably 0.05 to 0.1 mass %) and Ti (0.01 to 0.2 mass %,
more preferably 0.02 to 0.1 mass %). This is because, when
the molten alloy contains Mn, Cr, Zr, V or Ti, an Al—Mn,
Al—Fe—Mn—Si, Al—Cr, Al—Fe—Cr—Si, Al—Zr,
Al—V or Al—Ti compound is crystallized or precipitated,
whereby the high-temperature mechanical strength of the
resultant cast aluminum alloy rod is enhanced. When the Mn
content is less than 0.1%, the Cr content is less than 0.05%,
the Zr content is less than 0.04%, the V content is less than
0.01% or the Ti content is less than 0.01%, the effects of such
an element are not sufficiently obtained, whereas when the
Mn content exceeds 1.0%, the Cr content exceeds 0.5%, the
Zr content exceeds 0.3%, the V content exceeds 0.15% or the
Ti content exceeds 0.2%, the amount of large crystallization
products is increased, and the forgeability, high-temperature
fatigue strength and toughness of the cast rod are impaired.

Preferably, the molten alloy further contains Ni in an
amount of 0.8 to 3 mass % (more preferably 1.5 to 2.5 mass
%). When Ni is contained in the molten alloy, Al—Ni,
Al—Ni—Cu and Al-Ni—Fe crystallization products are
formed, whereby the high-temperature mechanical strength
of the resultant cast rod is enhanced. However, when the Ni
content is less than 0.8%, the effects of Ni are not sufficiently
obtained, whereas when the Ni content exceeds 3%, the
amount of large crystallization products is increased, and the
forgeability, high-temperature fatigue strength, ductility and
toughness of the cast rod are impaired.

Preferably, the molten alloy further contains P in an
amount of 0.003 to 0.02 mass % (more preferably 0.007 to
0.016 mass %). Since P enables formation of primary Si
crystals, addition of P is preferable in the case where enhance-
ment of the wear resistance of the resultant cast rod is pref-
erential. Meanwhile, P exhibits the effect of micronizing pri-
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mary Si crystals, and thus P suppresses impairment of the
forgeability, ductility and high-temperature fatigue strength
of the cast rod, which would occur as a result of formation of
primary Si crystals. When the P content is less than 0.003%,
the effect of micronizing primary Si crystals is not sufficiently
obtained, and therefore large primary Si crystals are formed
in the center of the cast ingot, and the forgeability, high-
temperature fatigue strength, ductility and toughness of the
castrod are impaired. In contrast, when the P content exceeds
0.02%, large amounts of primary Si crystals are formed, and
the forgeability, high-temperature fatigue strength, ductility
and toughness of the cast rod are impaired.

Preferably, the molten alloy further contains one or more
species selected from among Sr (0.003 to 0.03 mass %, more
preferably 0.011t0 0.02 mass %), Sb (0.1 to 0.35 mass %, more
preferably 0.15t0 0.25 mass %), Na (0.0005 to 0.015 mass %,
more preferably 0.001 to 0.01 mass %) and Ca (0.001 to 0.02
mass %, more preferably 0.005 to 0.01 mass %), since such an
element exhibits the effect of micronizing eutectic Si. When
the Sr content is less than 0.003 mass %, the Sb content is less
than 0.1 mass %, the Na content is less than 0.0005 mass % or
the Ca content is less than 0.001 mass %, the micronizing
effect is not sufficiently obtained, whereas when the Sr con-
tent exceeds 0.03 mass %, the Sb content exceeds 0.35 mass
%, the Na content exceeds 0.015 mass % or the Ca content
exceeds 0.02 mass %, the amount of large crystallization
products is increased or casting defects are generated, and the
forgeability, high-temperature fatigue strength and toughness
of the cast rod are impaired.

The amount of Mg contained in the molten alloy is prefer-
ably 0.5 to 1.3 mass % (more preferably 0.8 to 1.2 mass %).
When Mg coexists with Si in the molten alloy, Mg,Si grains
are precipitated, whereby the high-temperature mechanical
strength of the cast aluminum alloy rod is enhanced.

The compositional proportions of alloy components of the
cast ingot can be confirmed by means of, for example, the
method specified by JIS H 1305 employing an optical emis-
sion spectrometer (e.g., PDA-5500, product of Shimadzu
Corporation), which is based on photoelectric photometry.

The difference in height between the level 254 of the mol-
ten alloy reserved in the tundish and the top surface of the
mold inner wall is preferably 0 to 250 mm, more preferably 50
to 170 mm. This is because, when the difference in height falls
within the above range, the pressure of the molten alloy
teemed into the mold is well balanced with the pressures of a
liquid lubricant and a gas obtained through gasification of the
lubricant, and thus castability is improved, and a continuously
cast aluminum alloy rod can be readily produced. When a
level sensor is provided on the tundish for measuring and
monitoring the level of the molten alloy, the level of the alloy
can be accurately controlled to thereby maintain the afore-
mentioned difference in height at a predetermined value.

The liquid lubricant may be a vegetable oil which functions
as lubrication oil. Examples of the vegetable oil include rape-
seed oil, castor oil and salad oil. Employment of such veg-
etable oil is preferred since it less adversely affects the envi-
ronment.

The feed amount of the lubrication oil is preferably 0.05 to
5 milliliter/minute (more preferably 0.1 to 1 milliliter/
minute). This is because, when the feed amount is excessively
small, breakouts of the cast ingot are generated due to poor
lubricity, whereas when the feed amount is excessively large,
excess lubrication oil enters the cast ingot, which may impede
formation of crystal grains having a uniform size.

The rate at which the cast ingot is removed from the mold
(i.e., casting speed) is preferably 300 to 2,000 mm/minute
(more preferably 600 to 2,000 mm/minute). This is because,
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when the casting speed falls within the above range, uniform,
fine crystallization product networks are formed during the
course of casting, and therefore the resistance to deformation
of the aluminum matrix at high temperature is increased,
resulting in enhancement of the high-temperature mechanical
strength of the cast rod. Needless to say, the effects of the
present invention are not limited by the casting speed. How-
ever, the higher the casting speed, the more remarkable the
effects of the present invention.

The amount of cooling water, per mold, supplied from the
cooling water showering apparatus to the mold is preferably
5 to 30 liters/minute (more preferably 25 to 30 liters/minute),
for the following reasons. When the amount of cooling water
is excessively small, breakouts may be generated, and the
surface of the cast ingot may be re-melted to thereby form a
non-uniform structure, which may impede formation of crys-
tal grains having a uniform size. In contrast, when the amount
of cooling water is excessively large, a very large amount of
heat is removed from the mold, whereby casting fails to be
performed. Needless to say, the effects of the present inven-
tion are not limited by the amount of cooling water. However,
when the amount of cooling water is increased to thereby
increase the temperature gradient from the solidification
interface to the interior of the mold, the effects of the present
invention become remarkable.

The average temperature of the molten alloy teemed from
the tundish into the mold preferably falls within a range of the
liquidus temperature+40° C. to the liquidus temperature+
230° C. (more preferably a range of the liquidus temperature+
60° C. to the liquidus temperature+200° C., furthermore pref-
erably a range of the liquidus temperature+60° C. to the
liquidus temperature+150° C.), for the following reasons.
When the temperature of the molten alloy is excessively low,
large crystallization products are formed in the mold or at a
position upstream the mold, which may impede formation of
crystal grains having a uniform size. In contrast, when the
temperature of the molten alloy is excessively high, a large
amount of hydrogen gas is taken into the molten alloy, and
porosity occurs in the cast ingot, which may impede forma-
tion of crystal grains having a uniform size.

In the present invention, the above-described casting con-
ditions are controlled such that almost no eutectic Si nor
intermetallic compound is formed into spherical aggregates
in the structure of the continuously cast rod, and that crystal-
lization product networks, acicular crystallization products or
crystallization product aggregates are formed in the cast rod.
Therefore, the heat treatments performed subsequent to the
casting sufficiently exhibit their effects.

In the present invention, a critical point is that, before the
castrod (i.e., forging material) undergoes forging, the castrod
is subjected to the pre-heat treatment. That is, the cast rod is
maintained at —101t0 480° C. (preferably —10to 400° C., more
preferably —10 to 370° C.) for two to six hours. The tempera-
ture for the pre-heat treatment is furthermore preferably room
temperature. Even when the pre-heat treatment is performed
at room temperature or lower, the effects of the treatment can
be obtained. When it is intended to acquire forging formabil-
ity advantageous for forging the cast rod into a complicated
shape, the temperature of the pre-heat treatment is preferably
in the range of 370 to 480° C.

When the pre-heat treatment is performed as described
above, crystallization product networks, acicular crystalliza-
tion products or crystallization product aggregates, which
have been formed in the structure of the cast rod during the
course of continuous casting, remain partially in an aluminum
shaped product even after forging and post-heat treatment.
Since such crystallization products exhibit resistance to
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deformation of the aluminum matrix at high temperature, the
aluminum shaped product exhibits excellent mechanical
strength even at a high temperature of higher than 250° C. and
400° C. or lower. That is, since the crystallization product
networks, the acicular crystallization products or the crystal-
lization product aggregates exhibit resistance to deformation
of the aluminum matrix at a high temperature at which the
matrix is softened, the aluminum shaped product exhibits
excellent high-temperature mechanical strength. Meanwhile,
when the temperature for the pre-heat treatment is high and
the percent reduction of the forging material is high, the
crystallization product networks, the acicular crystallization
products or the crystallization product aggregates are frag-
mented, agglomerated in the form of granules and uniformly
dispersed in the aluminum matrix which has been softened at
high temperature. Therefore, the crystallization products
exhibit lowered resistance to deformation of the aluminum
matrix at high temperature, and the high-temperature
mechanical strength of the aluminum shaped product fails to
be enhanced.

In the present invention, by virtue of the above-described
alloy composition, crystallization product networks, acicular
crystallization products or crystallization product aggregates,
which exhibit resistance to deformation of the aluminum
matrix at a high temperature of higher than 250° C. and 400°
C. or lower, at which the aluminum matrix is softened and is
apt to be deformed considerably, remain partially in the alu-
minum shaped product. Therefore, the aluminum shaped
product exhibits enhanced high-temperature mechanical
strength.

In the case of production of a low-Si-content alloy (e.g., a
6000 series alloy) in which crystallization product networks
or acicular crystallization products are less contained, i.e. the
amount of crystallization products is relatively small, the
homogenization treatment temperature is lowered or the
homogenization treatment is omitted for the purpose of sup-
pressing recrystallization or simplifying the production pro-
cess. Unlike the above case, in the present invention, the
homogenization treatment temperature is lowered or the
homogenization treatment is omitted for the purpose of main-
taining, at a maximum possible level, the amount of crystal-
lization product networks or acicular crystallization products,
which are formed during the course of casting and remain in
large amounts in the high-Si-content alloy forging material,
thereby improving high-temperature characteristics of the
forging material.

As described in the section “Background Art,” JP-A 2002-
294383 discloses a technique relating to a 6000 series alloy, in
which the homogenization treatment temperature is lowered
or the homogenization treatment is omitted in order not to
improve high-temperature characteristics of the alloy, but to
suppress recrystallization for improving ambient-tempera-
ture mechanical characteristics of the alloy. The 6000 series
alloy of low Si content, which differs from the alloy employed
in the present invention, contains a relatively small amount of
crystallization products, i.e. a small amount of crystallization
product networks or acicular crystallization products. In this
conventional case, the homogenization treatment tempera-
ture is lowered for the purpose of finely precipitating an
Al—Mn or Al—Cr compound which suppresses recrystalli-
zation. Unlike the above case, in the present invention, the
homogenization treatment temperature is lowered or the
homogenization treatment is omitted for the purpose of main-
taining, at a maximum possible level, the amount of crystal-
lization product networks or acicular crystallization products,
which are formed during the course of casting and remain in
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large amounts in the high-Si-content alloy forging material,
thereby improving high-temperature characteristics of the
forging material.

Particularly, in order to enhance the high-temperature
mechanical strength of the forging material and to improve
forgeability thereof, preferably, the forging material is sub-
jected to pre-heat treatment at a temperature of 200° C. to
370° C. When the pre-heat treatment is performed within the
above temperature range, eutectic Si or an intermetallic com-
pound tends not to be formed into spherical aggregates during
the pre-heat treatment, and thus crystallization product net-
works, acicular crystallization products or crystallization
product aggregates, which have been formed during the
course of continuous casting, remain partially in the alumi-
num shaped product even after forging and post-heat treat-
ment. Therefore, the aluminum shaped product exhibits
excellent high-temperature mechanical strength.

Particularly, in order to further enhance the high-tempera-
ture mechanical strength of the forging material, preferably,
the forging material is subjected to pre-heat treatment at a
temperature of =10° C. to 200° C. When the pre-heat treat-
ment is performed within the above temperature range,
almost no eutectic Si nor intermetallic compound is formed
into spherical aggregates during the pre-heat treatment, and
thus crystallization product networks, acicular crystallization
products or crystallization product aggregates, which have
been formed during the course of continuous casting, remain
partially in the aluminum shaped product even after forging
and post-heat treatment. Therefore, the aluminum shaped
product exhibits excellent high-temperature mechanical
strength.

The pre-heat treatment can be performed between the cast-
ing step and the forging step. For example, the pre-heat treat-
ment is performed within one day after the casting step, and
the forging step is performed within one week after the pre-
heat treatment. Before the forging step is performed, the
forging material can be subjected to correction treatment and
peeling treatment.

Next will be described an example of the forging step
included in the production method of the present invention.

The forging step includes 1) a step of cutting the continu-
ously cast round rod into pieces of predetermined length, 2) a
step of preliminarily heating and upsetting the thus cut forg-
ing material, 3) a step of lubricating the thus upset forging
material, 4) a step of placing the forging material into a die set
and subjecting the material to forging and 5) a step of dis-
charging a forged product from the die set by means of a
knock-out mechanism.

A lubricant may be applied to the forging material, and the
forging material may be heated before being subjected to
upsetting treatment. The upsetting step may be omitted.

The lubrication treatment may be application of a water-
soluble lubricant to the forging material or bonde treatment of
the forging material. For example, preferably, the forging
material is subjected to bonde treatment and then preliminar-
ily heated to 380 to 480° C., followed by placing of the
material into a forging apparatus. When the forging material
is preliminarily heated to 380 to 480° C., deformability of the
forging material is enhanced, and the material is readily
forged into a product of complicated shape.

The lubricant to be employed is preferably an aqueous
lubricant, more preferably a water-soluble graphite lubricant,
since graphite sufficiently sticks to the forging material. The
lubrication step is preferably performed through, for
example, the following procedure. A lubricant is applied to
the forging material at a temperature of 70 to 350° C., the
forging material is cooled to room temperature and the tem-
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perature of the material is maintained at room temperature for
a predetermined period of time (e.g., two to four hours), and
the forging material is heated to 380 to 480° C., followed by
placing of the material into a forging apparatus. The lubricant
to be employed is preferably an aqueous lubricant, more
preferably a water-soluble graphite lubricant, since graphite
sufficiently sticks to the forging material.

Before the forging material is placed into a die set, a lubri-
cantis applied to the surface of the die set. Through regulation
of'thetime for spraying the lubricant to the die set, the amount
of'the lubricant can be more appropriately determined so as to
be adapted to a combination of an upper die and die blocks.
The lubricant to be employed is preferably an oil lubricant
(e.g., a mineral oil) for the following reason. When an oil
lubricant is employed, lowering of the die set temperature,
which may occur when an aqueous lubricant is employed, can
be suppressed. The lubricant to be employed is more prefer-
ably a mixture of graphite and a mineral oil from the view-
point of enhancement of lubrication effects.

The die set is preferably heated to a temperature of 150 to
250° C. This is because, when the die set temperature falls
within the above range, sufficient plastic flow can be attained.

In the present invention, during the forging step, the per-
cent reduction of a portion of the forging material that
requires resistance to high-temperature fatigue strength is
preferably regulated to 90% or less (more preferably 70% or
less). When the percent reduction falls within the above
range, crystallization product networks, acicular crystalliza-
tion products or crystallization product aggregates are pre-
vented from being fragmented, and thus the resultant shaped
product exhibits excellent high-temperature mechanical
strength.

No particular limitations are imposed on the shaped prod-
uct so long as a portion thereof that requires high-temperature
mechanical strength satisfies the above percent reduction.

In the case where a plastic forming step (e.g., an upsetting
step) is performed before the forging step, preferably, percent
reduction per plastic forming step is determined in consider-
ation of the number of the steps. For example, when a shaped
product having a complicated shape is to be produced, pref-
erably, a plastic forming step (percent reduction per step: 10
to 80%, more preferably 10 to 50%) is performed a plurality
of times (preferably twice). For example, the percent reduc-
tion at the first plastic forming step is preferably regulated to
10 to 50% (more preferably 10 to 30%).

The term “percent reduction” used herein is defined as
follows.

Percent reduction (%)=(thickness before plastic form-
ing—thickness after plastic forming)/(thickness
before plastic forming)x100

The resultant forged product is subjected to post-heat treat-
ment. The post-treatment may be a combination of solid
solution treatment and aging treatment. The post-heat treat-
ment can be performed within one week after the forging step.

The solid solution treatment can be performed at 480 to
520° C. (preferably 490 to 510° C.) for three hours.

In the present invention, preferably, the above-forged prod-
uct is subjected to aging treatment at 170 to 230° C. (prefer-
ably 190 to 210° C.) for one to 10 hours without being sub-
jected to solid solution treatment and quenching treatment.
This is because, when the forged product is subjected to aging
treatment under the above conditions, crystallization product
networks, acicular crystallization products or crystallization
product aggregates can be prevented from being fragmented
and agglomerated, and the resultant shaped product exhibits
excellent high-temperature mechanical strength.
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In the alloy structure of the thus produced aluminum
shaped product, eutectic Si or an intermetallic compound
tends not to be formed into spherical aggregates. Thus, crys-
tallization product networks, acicular crystallization prod-
ucts, or crystallization product aggregates, which have been
formed during the course of continuous casting, remain par-
tially in the shaped product even after forging and post-heat
treatment. Therefore, the aluminum shaped product exhibits
excellent high-temperature mechanical strength.

The aluminum alloy constituting the shaped product con-
tains Si in an amount of 10.5 to 13.5 mass % (preferably 11.0
to 13.0 mass %), Fe in an amount of 0.15 to 0.65 mass %
(preferably 0.3 to 0.5 mass %), Cu in an amount of 2.5t0 5.5
mass % (preferably 3.5 to 4.5 mass %) and Mg in an amount
0f'0.3 to 1.5 mass % (preferably 0.5 to 1.3 mass %).

Preferably, the aluminum alloy further contains one or
more species selected from among Mn (0.1 to 1.0 mass %,
more preferably 0.2 to 0.5 mass %), Cr (0.05 to 0.5 mass %,
more preferably 0.1 to 0.3 mass %), Zr (0.04 to 0.3 mass %,
more preferably 0.1 to 0.2 mass %), V (0.01 to 0.15 mass %,
more preferably 0.05to 0.1 mass %) and Ti (0.01 to 0.15 mass
%, more preferably 0.05 to 0.1 mass %).

Preferably, the aluminum alloy further contains Ni in an
amount of 0.8 to 3 mass % (more preferably 1.6 to 2.4 mass
%).

Preferably, the aluminum alloy further contains P in an
amount of 0.003 to 0.02 mass % (more preferably 0.007 to
0.016 mass %).

Preferably, the aluminum alloy further contains one or
more species selected from among Sr (0.003 to 0.03 mass %,
more preferably 0.01 to 0.02 mass %), Sb (0.1 to0 0.35 mass %,
more preferably 0.15 to 0.25 mass %) and Na (0.001 to 0.02
mass %, more preferably 0.005 to 0.015 mass %).

The amount of Mg contained in the aluminum alloy is
preferably 0.5 to 1.3 mass % (more preferably 0.8 to 1.2 mass
%).

In the alloy structure of the aluminum shaped product thus
produced, eutectic Si or an intermetallic compound tends not
to be formed into spherical aggregates. Thus, the crystalliza-
tion product networks, acicular crystallization products or
crystallization product aggregates, which have been formed
in the structure of the cast rod during the course of continuous
casting, remain partially in an aluminum shaped product even
after forging and post-heat treatment. As a result, the alumi-
num-alloy shaped product has a eutectic Si area share of 8%
or more (preferably 8 to 18%, more preferably 9 to 14%), an
average eutectic Si particle diameter of 5 um or less (prefer-
ably 1 to 5 um, more preferably 1.5 to 4 um), 25% or more
(preferably 25 to 85%, more preferably 30to 75%) of eutectic
Si having an acicular eutectic Si ratio of 1.4 or more (prefer-
ably 1.4 to 3, more preferably 1.6 to 2.5), an intermetallic
compound area share of 1.2% or more (preferably 1.2 to
7.5%, more preferably 1.5 to 6%), an average intermetallic
compound particle diameter of 1.5 pm or more (preferably
1.5 to 5 um, more preferably 1.8 to 4 um) and 30% or more
(preferably 30 to 75%, more preferably to 65%) of interme-
tallic compounds or intermetallic compound aggregates hav-
ing an intermetallic compound length or intermetallic com-
pound aggregate length of 3 pum or more (preferably 3 to 30
um, more preferably 4 to 20 um). Therefore, the aluminum-
alloy shaped product exhibits excellent high-temperature
mechanical strength.

The crystallization products of the aluminum-alloy shaped
product comprise eutectic Si, an intermetallic compound and
their aggregates in the form of crystallization product net-
works, acicular crystallization products or crystallization
product aggregates. An acicular eutectic Si ratio is, as shown
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in FIG. 5, is defined by M/B in which M stands for the
maximum length of the eutectic Si and B for the width of the
eutectic Si orthogonal to the direction of the maximum length
M. As shown in FIG. 6, the intermetallic compound aggre-
gates mean two or more intermetallic compounds in a con-
nected state.

Examples

The present invention will next be described in detail by
way of Examples, which should not be construed as limiting
the invention thereto.

An aluminum-alloy shaped product was produced by use
of the production system shown in FIG. 1.

10
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Production Conditions:

A round rod (¢: 85 mm) was cast by use of a hot top
continuous casting apparatus shown in FIG. 7. The thus cast
round rod was cut into pieces (forging material) having a

5 thickness of 20 mm or 80 mm. The forging material was

preliminarily heated to 420° C., and then subjected to upset-
ting so as to attain a thickness of 10 mm. During the course of
upsetting, the percent reduction was regulated to 50% for a
round rod piece having a thickness of 20 mm and 87.5% fora
round rod piece having a thickness of 80 mm.

Tables 1-1 and 1-1I show the composition of alloys
employed in Examples and Comparative Examples, heat
treatment conditions employed therein, percent reduction
during the course of upsetting, etc. Table 2 shows the results
of evaluation of the thus upset products.

TABLE 1-1

(homogenization treatment) (° C.)

Percent
Reduction

Pre-heat treatment
Post-heat treatment

490

470

Solid
Solution Quenching Aging

200 or During

440 400 370  lower upsetting

Comp. Ex. 1 O
Comp. Ex. 1-1 O
Ex. 1 —

Ex.2 —
Ex. 2-1 —
Ex.2-2 —
Ex.2-3 —
Ex.2-4 —

O
O
O

50%
87.5%
50%

— 50%
87.5%
50%
50%
50%
50%

\
\
\
| 0O
\
| coo0O 0O
| cOOCO 0O

— 50%
— 50%
—  87.5%
— 50%
—  87.5%
50%
— 50%
— 50%
— 50%
— 50%
— 50%
50%

\
\
\
| COOOOOOO00O
\

50%
50%
50%
50%
— 50%
50%
—  87.5%
50%

| Ol
\
00000000 000000000000 000000 00

00000000 00000000000
O0000000 00000000000 |

TABLE 1-1I

Compositional proportions (mass %)

Si Fe

Cu Mn Mg Ni V Zr Ti P Sb Sr

11.7 0.17

Comp. do. do.

Ex.2-2 do. do.
Ex.2-4 do. do.

Ex. 4 do. do.

0.23 0.42

do. do. do.
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TABLE 1-II-continued

20

Compositional proportions (mass %)

Si Fe Cu Mn Mg Ni V  Zr Ti P Sb Sr
Ex. 5 119 023 33 0.87 24 01 0.12 0.006
Ex. 6 do. do. do. do. do. do. do. do.
Ex.7 128 049 38 023 109 20 0.1 0.009
Ex. 8 do. do. do. do. do. do. do. do.
Ex. 9 134 061 41 032 121 22 0.01
Ex.10 110 025 3.0 010 040 18 do.
Ex. 11 do. do. do. do. do. do. 0.015
Ex.12  11.8 033 33 072 22 0.005
Ex. 13 do. do. do. do. do. 0.2
Ex.14 134 061 41 032 121 do. Nore.
Ex.15 115 019 51 021 114 09 0.007
Ex.16 123 03 33 015 085 18 0.05  0.005
Ex. 17 do. do. do. do. do. do. do. do.
Ex. 18 do. do. do. do. do. do. do. do.
Ex. 19 do. do. do. do. do. do. do. do.
Ex.20 128 045 38 025 09 2.1 0.01
Ex. 21 do. do. do. do. do. do. do.
Ex. 22 do. do. do. do. do. do. do.
Ex. 23 do. do. do. do do. do. do.
TABLE 2 has a metallographic structure as shown in the lower micro-
55 graphof FIG. 8, crystallization product networks are regarded
300° C. tensile 300°C. fatigne as not remaining in the sample, and rating “x” is assigned
Metal- characteristics strength (107) .
thereto. When the sample has a metallographic structure as
lographic oB 00.2 5 ow shown in the micrograph of FIG. 9, crystallization product
structure (MPa) ~ (MPa) (%) (MPa) networks are regarded as being partially fragmented, and
Comp. Ax 62 42 37.9 35 30 rating “A”is assigned thereto. On the basis of these evaluation
Ex. 1 criteria, the metallographic structures of the upset products of
g}‘zmlp'l Ax 60 40 ®8 34 Examples and Comparative Examples were evaluated. The
Ex 1 o 74 50 2.1 46 results are shown in Table 2. In Table 2, rating “OA” refers to
Ex. 2 o 68 46 353 45 a rating between O and A, whereas rating “Ax” refers to a
Ex. 2-1 oA 66 44 37.0 43 35 rating between A and x.
Ex.2-2 © 70 48 304 4 A test piece was cut out of each of the upset products
Ex. 2-3 o 72 49 28.2 46 .. - . .
Ex. 2.4 o 66 43 36.8 43 through machining, and the test piece was subjected to tensile
Ex. 3 o 79 44 154 52 test by use of Autograph (product of Shimadzu Corporation)
Ex. 4 o 75 43 19.0 51 under the conditions such that the temperature of the test
EX' 2 OA 32 i; ;g'é ;61 40 piece became 300° C.
X. Q. i .
Ex. 7 o 2 53 175 58 A test piece was cut out of .each of the upset prod}lcts
Ex. 8 oA 79 50 189 56 through machining, and the test piece was subjected to fatigue
Ex.9 o 85 56 16.8 60 strength test by use of an Ono-type rotating-bending fatigue
Ei }? © ;; ig }g'é ; test machine under the conditions such that the temperature of
s} . . . .
Ex 12 o 31 50 176 57 45 the test piece became 3.00° C. Cyclic stress was applied to Fhe
Ex. 13 o 80 50 18 60 test piece 10,000,000 times, and the maximum stress at which
Ex. 14 o 84 55 16.0 59 breakage of the test piece does not occur was determined.
EX }2 OA gg fé g'i 4513 The tensile test and fatigue strength test were performed
X. Q. E . . . .
Ex 17 o 74 45 518 50 after the test piece was preliminarily heated to 300° C. for 100
Ex. 18 o 76 47 19.2 52 50 hours.
Ex. 19 o 77 49 18.4 53 Tables 1-1, 1-1I and 2 indicate the following. Comparison
EX i? oA ;; ‘513 f;-g ‘51491 among Comparative Examples 1 and 1-1 and Examples 1, 2,
X o] .
Ex. 22 oA 76 47 20.6 51 2-1,2-2, 2.-3 and 2-4 reveals that the temperature for pre-heat
Ex. 23 o 80 52 17.9 50 treatment is preferably less than 490° C.
55 Comparison among Examples 1, 2, 2-1, 2-2, 2-3 and 2-4
. reveals that the temperature for pre-heat treatment is more
Evaluation Methods: p P

A sample for metallographic structural observation was cut
out of each of the upset products at a center portion of a
vertical cross section thereof, and the sample was subjected to
micro polishing. Thereafter, crystallization product networks
were evaluated by use of a micrograph of the thus polished
sample. FIGS. 8 and 9 show micrographs employed for evalu-
ation of the networks. When the sample has a metallographic
structure as shown in the upper micrograph of FIG. 8, crys-
tallization product networks are regarded as remaining in the
sample, and rating “0” is assigned thereto. When the sample

60

65

preferably a temperature in the vicinity of room temperature.

Comparison between Examples 1 and 3 and comparison
between Examples 2 and 4 reveal that the upset products of
Examples 3 and 4, in which solid solution treatment and
quenching treatment were not performed, exhibit character-
istics superior to those of the upset products of Examples 1
and 2.

Comparison among Examples 1, 5, 7 and 9 reveals that the
upset products of Examples 5, 7 and 9, each of which contains
Ni and an increased amount of Mg, exhibit characteristics
superior to those of the upset product of Example 1.
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Comparison among Examples 1, 10 and 11 reveals that the
upset products of Examples 10 and 11, each of which contains
Ni, exhibit characteristics superior to those of the upset prod-
uct of Example 1.

Comparison between Examples 9 and 14 reveals that the
upset product of Example 9, which contains P, exhibits char-
acteristics superior to those of the upset product of Example
14.

Comparison between Examples 1 and 15 reveals that the
upset product of Example 15, which contains Ni and
increased amounts of Cu and Mg, exhibits characteristics
superior to those of the upset product of Example 1.

Comparison among Examples 16, 17, 18 and 19 reveals
that the better, the lower the homogenization treatment tem-
perature is. Comparison among Examples 20, 21 and 22
reveals that the better, the lower the homogenization treat-
ment is.

As aresult of the metallographic structural observation, the
aluminum-alloy shaped product in each of Examples 1 to 23
had a eutectic Si area share of 8% or more, an average eutectic
Si particle diameter of 5 um or less, 25% or more of eutectic
Si having an acicular eutectic Si ratio of 1.4 or more, an
intermetallic compound area share of 1.2% or more, an aver-
age intermetallic compound particle diameter of 1.5 um or
more and 30% or more of intermetallic compounds or inter-
metallic compound aggregates having an intermetallic com-
pound length or intermetallic compound aggregate length of
3 pum or more.

Data on the eutectic Si particles and intermetallic com-
pounds observed are shown in Tables 3-1 and 3-1I below.

TABLE 3-1

Observation results of alloy structure after heat
treatment for forging

Eutectic Si Acicular eutectic Si ratio and
Average generation ratio thereof
Area  partticle
share diameter l4=& lo6=& >25
(%) (um)  <1.4 =1.5 =25 & =3 >3
Ex. 1 9.7 2.2 73 (%) 10(%) 15(%) 2(%) 0(%)
Ex. 7 9.3 3.0 34 20 41 5 0
Ex. 20 9.7 3.1 55 18 23 4 0
Comp. 9.6 2.1 79 10 11 0 0
Ex. 1
TABLE 3-11
Observation results of alloy structure
after heat treatment for forging
Intermetallic
compound Length (um) & generation ratio (%)
Average of intermetallic compound aggregate
Area  particle =& 4= & >20&
share diameter <3 <4 =20 =30 >30
(%) (pm) (pm)  (um)  (um)  (um)  (um)
Ex. 1 1.3 1.8 69(%) 15(%) 16(%) 0(%) 0(%)
Ex. 7 4.2 2.8 49 20 26 5 0
Ex. 20 4.3 2.7 60 18 20 2 0
Comp. 1 1.4 80 10 10 0 0
Ex. 1
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INDUSTRIAL APPLICABILITY

The present invention relates to an aluminum-alloy shaped
product exhibiting excellent high-temperature tensile
strength and excellent high-temperature fatigue strength,
which is suitable for use in an internal combustion engine
piston and to a method for producing the shaped product.

The invention claimed is:

1. A method for producing an aluminum-alloy shaped
product, comprising the following steps in the order indi-
cated:

(a) continuously casting molten aluminum alloy into a
forging material in the form of a rod, wherein the molten
aluminum alloy contains Si in an amount of 10.5to 13.5
mass %, Fe in an amount of 0.15 to 0.65 mass %, Cu in
an amount of 2.5 to 5.5 mass %, Mg in an amount of 0.3
to 1.5 mass %, Ni in an amount of 2.4 to 3 mass %, P in
an amount of 0.003 to 0.02 mass %, Zr in an amount of
0.04 to 0.3 mass %, V in an amount 0f 0.01 to 0.15 mass
%, Crin an amount suppressed to not more than 0.5 mass
%, Na in an amount suppressed to not more than 0.015
mass %, Ca in an amount suppressed to not more than
0.02 mass % and the balance comprising aluminum and
an inevitable impurity;

(b) subjecting the forging material to a pre-heat treatment
by maintaining the forging material at a temperature of
200 to 370° C. for two to six hours;

(c) upsetting the forging material in an upsetting apparatus;

(d) forging the forging material into a forged product,
wherein during the forging, a percent reduction of a
portion of the forging material that requires high-tem-
perature fatigue strength resistance is regulated to 90%
or less;

(e) subjecting the forged product to a post-heat treatment to
obtain the aluminum-alloy shaped product, wherein
crystallization products of the aluminum-alloy shaped
product comprise eutectic Si, an intermetallic com-
pound and their aggregates in the form of crystallization
product networks, acicular crystallization products or
crystallization product aggregates, and

the aluminum-alloy shaped product having a eutectic Si
area share of 8 to 18%, an average eutectic Si particle
diameter of 1.5 to 4 pm, 25% or more of eutectic Si
having an acicular eutectic Si ratio of a value of dividing
a maximum length of the eutectic Si by a width of the
eutectic Si orthogonal to the direction of the maximum
length of 1.4 to 3, an intermetallic compound area share
of 1.2 to 7.5% and an average intermetallic compound
particle diameter of 1.5 to 4 um; and

() obtaining the aluminum-alloy shaped product exhibit-
ing a tensile strength of 65 MPa or more and a fatigue
strength of 40 MPa or more at a temperature of 300° C.

2. The method according to claim 1, wherein the aluminum
alloy contains at least one species selected from among Sr in
an amount of 0.003 to 0.03 mass %, Sb in an amount of 0.1 to
0.35 mass %, Na in an amount of 0.0005 to 0.015 mass % and
Ca in an amount of 0.001 to 0.02 mass %.

3. The method according to claim 1, wherein the aluminum
alloy contains the Mg in an amount of 0.5 to 1.3 mass %.

4. The method according to claim 1, wherein during the
forging step, the percent reduction of a portion of the forging
material that requires high-temperature fatigue strength resis-
tance is regulated to 70% or less.

5. The method according to claim 1, wherein in the forging
step, the heat treatment step is performed at a temperature of
380 to 480° C.
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6. The method according to claim 1, wherein the continu-
ously cast rod is produced through continuous casting of a
molten aluminum alloy having an average temperature which
falls within a range of a liquidus temperature+40° C. to the
liquidus temperature+230° C. at a casting speed of 80 to 2,000
mny/minute.

7. The method according to claim 6, wherein the continu-
ously cast rod is produced at a casting speed of 300 to 2,000
mny/minute.
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